INTRODUCTION
Photocurrents across phospholipid bilayers doped with magnesium octaethylporphyrin (MgOEP) have been observed by serveral workers Mauzerall, 1972a, b, 1974; Mauzerall and Hong, 1975; Hong, 1976; Pohl et al., 1973; Lutz et al., 1974) . The underlying photoprocess is the excitation of the ground-state porphyrin (P) to an excited state, probably the triplet, pT, which would be considerably longer lived than the excited singlet, P* (Hopf and Whitten, 1975 
will be shifted negative by a voltage corresponding to the energy of the triplet state (Gouterman and Holten, 1977) which is about 1.8 eV (see Hopf and Whitten, 1978 , who 'Fuhrhop and Mauzerall (1968 ) measured E ?.+1p = 0.66 V in alcoholic solvents using a potentiometric titration technique. (They also noted that the MgOEP+ cation was stable when the solvent contained 20% water). Subsequent measurements by Kadish and Davis (1973) in butyronitrile and dimethylsulfoxide using cyclic voltammetry yielded Ep-p -0.78 V vs. NHE. The lower value may be due to stabilization of the charge of the cation by solvent interaction with the axial ligands of the magnesium (see Fajer et al., 1973; and Davis, et al., 1979) . tabulate triplet energies for a variety of metalloporphyrins. MgOEP is not specifically included, but it is clear that the triplet energies are all about 1.8 eV). Thus EO+/PT =-1 .
V vs.
NHE. In the presence of an electron acceptor (ferricyanide Mauzerall, 1972a,b, 1974; Mauzerall and Hong, 1975; Hong, 1976] or oxygen [Pohl et al., 1973; Lutz et al., 1974] ) the triplet will be oxidized:
PT k4 P PT+A P+ +A-.
As long as the reduction potential, E%A, for the A/A -couple is more positive than --0.7 V, the equilibrium for reaction 4 is virtually completely to the right. It is also important, of course, that E4A-be more negative than E°+/P so that the equilibrium constant, K5, for the ground-state reaction k5 P + A~~P+ + A-
k-( is very small and reaction 5 effectively does not occur:
The mechanism of the photoconductance observed by Lutz et al. is not elucidated. They do, however, demonstrate that MgOEP+ is photogenerated in liposomes in the presence of oxygen as an acceptor. This, coupled with the experiments and conclusions of Hong et al.,2 supports the notion that MgOEP+ is involved in the photoconductive mechanism. It is well known that a membrane formed from glyceromonoolate (GMO) rather than from phospholipids offers a lower energy barrier to the translocation of hydrophobic cations (Szabo and Eisenman, 1973; Hladky and Haydon, 1973) . If the MgOEP+ cation plays an active role in the photoconductance phenomena, this role would be enhanced in GMO bilayers. In the present paper we demonstrate that the photogenerated MgOEP+ cation probably acts as an ion carrier and under certain conditions selectively mediates the transport of hydrogen ion and/or hydroxide.
EXPERIMENTAL
In experiments that we describe here, our basic approach is the observation of the electrical responses of the doped bilayer following a single laser flash (duration -1 ,us). A schematic presentation of the experimental arrangement is shown in Fig. 1 . The aqueous phases contain varying concentrations of buffer (malate or phosphate, both of which will be shown not to move across the bilayer), supporting electrolyte (1.0 M KC1 except where noted) and 2Hong et al. observe a displacement current affected by having the acceptor, ferricyanide, present on only one side of the bilayer. The flash is accompanied by a virtually concomitant charge separation with the electron moving from the triplet (in or on the bilayer) to the acceptor in the diffuse Gouy layer. Charge translocation across the entire bilayer does not play a major role in their observations. Our immediate interest is the clarification of the mechanism of charge translocation across a bilayer which is subjected to an applied electric field. [Stombaugh et al., 1976] with or without oxygen; Eg21 = -0.55 V vs. NHE in N,N'-dimethylformamide [Magno et al, 1977] ). Methyl viologen was selected for a number of reasons: it is very effective, possibly because both products of reaction 4 are positively charged, thereby favoring production of the MgOEP' cation (see Holten et al., 1978) Benz et al., 1975) to be separated from photoinduced charge movement. In some "reversal" experiments, however, for reasons amplified in the Results and Discussion section, the voltage is applied after the flash. As will be seen, a photo response at a given Va comprises two transients whose time constants usually differ by more than an order of magnitude. The parameters of the short transient can be analyzed by using a nonlinear least-square routine fitting the following equation:
q, = (A/a)(I -e-a) + B t + q0, If the concentrations of a given ion are different on each side of the membrane and if the membrane is selectively permeable to that ion, the voltage developed across the membrane is predicted by the Nernst equation:
V'-V = (RT/zjF) ln (c[/cI), (11) where the (') and (") indicate a given side of the membrane, and c~' and c' are the concentrations of the permeant ion in the two phases. If there is more than one permeant ion and zil for all ions are the same, then the voltage is predicted by the Goldman equation (Goldman, 1943 
METHODS AND MATERIALS
The chamber design is essentially the same as that described by Feldberg and Kissel (1975) , but constructed with pyrex windows in each end. A 2-mm diameter hole drilled through a 10-mil Teflon (DuPont Instruments, Wilmington, Del.) sheet serves as the membrane support orifice. The silver wire electrodes are carefully placed so that they are not in the light path. The area of each electrode (-2 cm2) is large enough so that the electrode capacitance (> 102 uF/cm2) can minimize short-time polarization of the electrode. In some experiments the electrodes were momentarily short-circuited by using a manually controlled microswitch. The photolysis laser is a pulsed dye laser (model SLL 625, Candela Corp., Needham Heights, Mass.) used with rhodamine 6G dye. The output energy is about 1 J in less than a microsecond when the laser capacitor is charged to 20 kV. The wavelength of the photolyzing flash, about 590 nm with a width at half height of -40 nm (Marling, et al., 1974) , overlaps nicely with the 578-nm absorption band of MgOEP (Fuhrhop and Mauzerall, 1968) .
A small continuous wave He-Ne laser (0.5 mW) was used to align the dye laser cavity for optimum output and to align the membrane support orifice with the laser beam. The opitcal bench ( Fig. 1 ) is designed so that the beam of the alignment laser is colinear with the beam of the dye laser. It is important that only the bilayer (and not the torus) be irradiated (Mauzerall and Hong, 1975) . Alignment of the bilayer orifice was effected by allowing the reflected beam of the alignment laser to impinge on the 10-mil Teflon barrier a few millimeters to one side of the orifice. The thin Teflon acts like a ground glass imager allowing the beam position to be located and its diameter to be crudely estimated with the stereo microscope. By forward or backward movement of the chamber (which rests on a micrometer controlled X-Y stage) the diameter of the laser beam intercepting the barrier can be adjusted. An apparent diameter of approximately two-third the diameter of the bilayer was considered optimum, although the response does not critically depend upon the apparent illuminated area (probably because of the high degree of saturation of the photo processes). Finally, the alignment beam was blocked and the chamber moved laterally so that the center of the orifice would coincide exactly with the center of the beam. With proper alignment, -0.05 J per pulse of the dye laser impinged upon the bilayer (-2.5 J/cm2). Precisely controlled diminution of the laser intensity was effected with neutral density filters placed directly in front of the laser.
The membrane-forming mixture comprises GMO, hexadecane, CH2Cl2, and MgOEP in molar ratios 3:80:100:1 and was prepared fresh for each day's experiments. 1 mg of MgOEP was dissolved in 25 mg of CH2C12 followed by addition of 0.05 ml of hexadecane containing 2.5 mg of GMO. In a few experiments the MgOEP concentration was reduced by diluting with the appropriate mixture of CH2Cl2, hexadecane, and GMO. Membranes were formed using the pipette technique of Szabo et al.
YOUNG AND FELDBERG Photoinitiated Transport ofH30 and/or OH-(1969) . Voltages up to 0.20 V were applied to initiate bilayer formation. Most measurements were made within 1 min from the time that the formation of the bilayer was complete (i.e., when the bilayer was completely "black"). The bilayer was observed by using reflected red light (X > 600 nm); this minimized inadvertent photolysis, since the lowest energy absorption band of MgOEP peaks at 578 nm.
The pH's of the solutions in each side of the chamber were measured with a glass electrode that was continually calibrated in a standard phosphate buffer (pH 7.00).
Bathing For experiments in which oxygen was excluded, we used an air-tight plexiglass box (1 1.4 x 11.4 x 5 cm). Rubber septums in the top of the box allowed electrode leads and syringe needles to be introduced into each side of the chamber. A vial containing the membrane-forming mixture was placed inside the box and the Pasteur pipette (used to form the membranes) was inserted through a soft rubber septum made from a balloon or surgical glove. There is enough mobility to permit the pipette to be loaded and the membrane to be formed without removing the pipette tip from the box. The solutions in each side of the chamber were purged with solvent-saturated argon or nitrogen introduced through 18-gauge hypodermic needles. After 30 min of purging, the needles were repositioned so that a gentle stream of inert gas continuously flowed over the solutions maintaining a slight positive pressure inside the box. Open-circuit voltages were measured using a field effect transistor input follower circuit (Instrumentation Division, Brookhaven National Laboratory). The voltage clamp-current integrator has been previously described (Feldberg and Delgado, 1978 (Fig. 2 b) with a halflife of the order of seconds and a fast, exponential transient (Fig. 2 c) with a halflife of the order of milliseconds. The halflife of the slow transient is virtually independent of Va but does shorten with increasing pH (Fig. 3) . At a given pH its amplitude increases with an increase in V. (Fig. 4) . The halflife of the fast transient, however, decreases with increasing V,; the rate constant (obtained from a fit of Eq. 7) increases with Va (Fig. 5) . The amplitude, A/a (Eq. 7) increases with Va, and at pH <5 clearly approaches a limiting value (Fig. 6) MgOEP in the membrane-forming mixture, methyl viologen (MV++) in the aqueous phases, and of vaiying the light intensity. At a fixed concentration of MV+ + and fixed light intensity, the photoinitiated electrical response seemed proportional to the concentration of MgOEP in the membrane-forming mixture (Fig. 7) , although the responses at high voltages for the highest concentrations were unaccountably low. With a fixed concentration of MgOEP and fixed light intensity, the dependence of the response upon the concentration of MV"+ was sublinear. We did not detail this relationship and decided upon 0.01 M MV++ as adequate.
With fixed concentrations of MgOEP and MV"+ we noted that the light intensity could be diminished by a factor of five with virtually no diminution in response, indicating that the photo process is saturated.
These data suggest several preliminary conclusions: (a) MgOEP in the bilayer, an acceptor in the aqueous phases, and a photolysing flash are all required to initiate an electrical response. (b) Methyl viologen seems to be a more effective acceptor than oxygen, perhaps simply because it is present at considerably higher concentrations. The role of oxygen is both subtle and complex (see Lutz et al., 1974) and not well understood. (c) The short transient is well described by Eq. 7, suggesting that it reflects a first-order process. The amplitude of the short transient appears to limit (at low pH) as Va increases. This limit, Vj,iim, probably corresponds to the translocation of all the photogenerated MgOEP+ from one side of the bilayer to the other and thus serves as a means of estimating the surface concentration (Pt) of the cation: (where C, is the value of the integrating capacitor, Am is the area of the membrane, F is the faraday). Since the photo process appears to be saturated, it may be reasonable to assume that nearly all of the neutral porphyrin (P0) is oxidized to P+. Then P0 = P+ = 2.7 x 10 '" mol/cm2.
(15) If we assume a membrane thickness of about 3.0 nm, this surface concentration corresponds to about 1.8 x 10-6 mol/cm3 in the bilayer. This is about 10-fold smaller than the concentration in the membrane-forming mixture and consistent with the observations of Cherry et al., (1971) who were able to use optical absorption techniques to directly measure concentrations of chlorophyll in phospholipid bilayers. The long transient can be shown not to be the simple translocation of the porphyrin cation. The measured voltage across the integrating capacitor (Fig. 2 c) is so large that one would deduce an intermolecular distance for the adsorbed cations that is less than the diameter of a porphyrin molecule. (d) The ion flux that exists during the course of the long transient must involve the transport of some ion in the aqueous phase, since it cannot reasonably be a simple translocation of the porphyrin cation. Furthermore, the MgOEP+ cation must actively mediate this flux. The decay of this flux must then reflect the disappearance of the porphyrin cation from the bilayer by some chemical or physical (e.g., desorption) process. The approximately exponential decay of the flux would seem to preclude diffusion control by some species in the aqueous phase. This conclusion is consistent with the observation that the time constant of the slow transient is independent of V,, while the amplitude increases with increasing Va. This is easily shown if we assume that the cation disappears by some rirst-order process with rate constant kx. Then P= P e-k' (16) Several reversal experiments were carried out at pH 4.8 with malate buffer. The sequencing protocol is shown in Fig. 8 a. If the flash occurs after the application of Va, we noted that the ratio Q v/lQv. was about 1.5, significantly less than the predicted value of 2.0.
Thus we introduced an additional experimental variable, rv. -rF, the time delay between the flash and the application of voltage, Va. A negative value indicates that the voltage was applied first, followed by the flash; a positive value indicates that the voltage was applied after the flash. The time of the reversal, X v,, was 0.02 s greater than Tv. The amplitudes were evaluated by fitting Eq. 7 to the data and the ratio, Q -/Qv was plotted vs. Tv -TF (Fig. 8   b) . The ratio clearly approaches 2.0 with longer delay times. We also noted (Fig. 8 c) that the increase in the ratio is due to a decrease in Qv with increasing delay time. Q v. remains nearly constant. There is a small decrease of both Qv and Q v. with longer delay times which is consistent with the previously observed decay of the slow transient.
The reversal experiment seems to support the notion that the prophyrin cation is translocated in the early stages of the response. At this time, we can only surmise that the decay of Qv with increased delay time (Fig. 8 b) may be due to back reaction of P+ with reduced methyl viologen (MV+) or with the superoxide anion (°2). The latter could arise by (Patterson et al., 1977) :
(26) and MV+ +02 -MV +±0 (27) ultimately forming hydrogen peroxide 2H30+ + 02 H202 + 2H20.
(28)
The O2 can also disproportionate to form 02 and H202 (Bielski and Allen, 1977) . We have ascertained that H202 does not reduce the porphyrin cation (addition of H202 to the aqueous phase did not significantly alter the halflife of the slow transient). Thus this mechanism provides a route for inhibition of the back reaction (see reaction 5). We return now to our conclusion that some ion in the aqueous phase is being transported across the bilayer during the slow transient. BIOPHYSICAL JOURNAL VOLUME 27 1979 the concentration of buffer components were different. Typically the dark-potential (the open-circuit potential across the membrane before exposure to light) was very close to zero and no change in the open-circuit potential was observed after the flash (Fig. 9 a) . A reasonable conclusion (Eq. 13) is that no buffer components are moving across the bilayer. ASYMMETRIC PH When the pH's on each side of the membrane were different, however, a dark-potential was observed and a significant photoinitiated response was also observed (Fig. 9 b) . The sign of the dark and of the photoinitiated response is consistent with hydroxide moving from the high pH side to the low and/or with hydrogen ion moving from the low pH side to the high. The halflife for this response is about 5-10 ms. If the electrodes were momentarily short-circuited, several seconds were required to reestablish the dark-potential (Fig. 10) . If the electrodes were momentarily short-circuited just before the flash, the photoinitiated response (Fig. 9 c) reestablished the same voltage that was reached when starting from equilibrium, and does so with the same short halflife (5-10 ms.). A plot of the maximum amplitude of the photoinitiated responses vs. the difference in pH between the two aqueous phases is shown in Fig. 11 . The slope is 0.053 V/pH, indicating that hydrogen ion and/or hydroxide are quite selectively transported across the membrane after the flash (Eq. 13). Perfect selectivity (d = 0, Eq. 13) would give a slope of 0.059 V/pH.
We also attempted experiments with no buffers in which pH was adjusted (poorly) by judicious additions of HCI or KOH. The responses were much smaller, irreproducible, and occasionally biphasic.
Several conclusions were reached on the basis of these experiments. 
CONCLUSIONS
The experimental results confirm the hypothesis that a light flash impinging upon a bilayer doped with MgOEP initiates the transport of hydrogen ion and/or hydroxide. The fact that no photoinitiated fluxes are observed when there is no electron acceptor in the aqueous phases suggests that the photogenerated cation is an active participant in the transport process. The following reactions between the membrane bound photogenerated MgOEP+ cation and the relevant aqueous components (hydrogen ion, hydroxide, and buffer) are consistent with our observations: H20-P+ + H20 HO-P + H30+ (29) H20-P++OH-. HO-P+H20 (30) H20-P+ + B-= HO-P + HB.
(31) We have no direct evidence for the bonded H20, although it is difficult to introduce the catalytic buffer dependence (reaction 31) without a labile proton. There is ample evidence that there is interaction of water with the magnesium of chlorophyll a or bacteriochlorophyll a (Katz et al, 1978) potentials of various metalloporphyrins (Fajer et al., 1973; Davis et al., 1979) further support the contention. We surmise the transport mechanism depicted in Fig. 12 . This mechanism is precisely analogous to the carrier mechanism originally described by Markin et al. (1969) which has since proved invaluable in characterizing carrier transport in lipid bilayers. In our case the net result is the transport of hydrogen ion in one direction or hydroxide in the other, depending upon how one prefers to view it. The general characteristics of the time dependence of photoinitiated voltage-clamp responses are met. What we have referred to as the slow transient reflects a steady-state flux; the reason it is not constant is due to the disappearance of MgOEP+ from the membrane. The slope of the slow transient at t=0 would correspond to the "true" steady-state flux. The fast transient would be a manifestation of the relaxation phenomena that are predicted for this type of mechanism (Stark et al., 1971) . In principle, there may be as many as three relaxations: the two predicted by Stark et al., and a third due to the fact that the system is not initially at equilibrium, since the cation may be formed faster than equilibration of reactions 29-31. With a delay between the flash and the application of V. this third relaxation can be eliminated. Since the fast transient is described well by a single exponential decay we infer that either reactions 29-31 or the rate constant controlling the back diffusion of the neutral HO-P (Fig. 12) is rate controlling. The details of the transport mechanism will be the subject of a future publication.
There are some interesting implications of the photoinitiated transport. Most evident is that the system can act as a photoamplifier in the sense that one quantum of absorbed light can facilitate many ion translocations. Analogies to the visual receptor are tantalizing but far fetched. The early receptor potential (ERP) of the visual receptor is most likely due to a light-induced oriented dipole in the bilayer (see Hong, 1977 for a concise review of visual receptor phenomena and for references) rather than due to an asymmetric electron transfer process of the type characterized by Hong et al. (footnote 2) . It has been suggested that the ERP may be a manifestation of a gating phenomenon for the late receptor potential (LRP) and in that sense is similar to the phenomena that we have described. Another interesting possibility is to use a redox gradient and light to effect a pH gradient. With an electron acceptor on one side of the membrane and an electron donor on the other, a constant light flux will cause hydroxide to move from the acceptor side to the donor side and electrons to move in the opposite direction. It is not a "pure" light energy powered pump, but rather a light assisted pump tapping the redox energy of the electron donor and the acceptor.
